Purpose: We conducted a cross-sectional study to measure the prevalence of methicillinresistant Staphylococcus aureus (MRSA) colonization, with a particular focus on livestock associated (LA)-MRSA in farmers working in contact with livestock (sheep) in one Italian region. Furthermore, we have assessed the antimicrobial resistance pattern of isolates and the association of carriage with specific characteristic of farms and working tasks. Patients and methods: Demographic data, occupational history, and contact with animals information was collected. Nasal and oropharyngeal swabs were collected and all samples were tested for the isolation and identification of S. aureus. Isolates were examined for antimicrobial susceptibility and all MRSA strains underwent molecular analyses through multiple-locus variable number of tandem repeat analysis (MLVA). Results: A total of 115 sheep farms and 275 sheep farmers were enrolled. MRSA colonized workers were found in three farms; S. aureus was isolated in 97 workers (35.5%), whereas MRSA was isolated in 3 (1.1%) workers. All MRSA isolates were classified as multidrug resistant. Two of the MRSA isolates were resistant to quinupristin/dalfopristin (QDA), mupirocin, erythromycin, and tetracycline. Among methicillin-susceptible S. aureus (MSSA), 32 (34%) were resistant to tetracycline, 31 (33%) to erythromycin, 26 (27.6%) to QDA, and 22 (23.4%) to linezolid and clindamycin. One MRSA belonged to MLVA complex (MC) 001, found to colonize both humans and animals. Conclusion: The picture of MRSA transmission among sheep farmers does not seem to be critical, although there is the need to improve adequate control measures to prevent and minimize any biological risk in sheep farms for both animal and human health. Specific monitoring/surveillance programs would help in better understanding the epidemiology of resistant strains.
Introduction
Antimicrobial resistance represents a major issue both in the hospital and in the community setting, and methicillin-resistant Staphylococcus aureus (MRSA) is one of the main pathogens affecting patients all over the world. Epidemiology of MRSA has slightly changed in recent years with the emergence of livestock-associated strain (LA-MRSA). Despite its low impact on the community, the introduction of LA-MRSA in the hospital setting could lead to the typical clinical pictures associated with the presence of S. aureus, including bacteremia cases and surgical site infections. 1, 2 Several animal species have been potential reservoirs of MRSA strains, and there is evidence supporting transmission to humans, with the major risk factor being the occupational exposure to livestock animals. The first report on LA-MRSA colonizing conventionally raised pigs 3 was followed by several findings from European countries such as the Netherlands, Denmark, Germany, France, Italy, 4 and later on from North America, 5 Northern Africa, 6 Asia, 7 and Australia. 8 Initial studies concerned only pigs, later veal calves, 9 poultry, 10 and dairy cattle. 11 The emergence of LA-MRSA in livestock seems to correlate with farm size, 12 and the spread of LA-MRSA among farms is often mediated by animal trading. 13 The selection of multidrugresistant (MDR) strains, as well as MRSA strains, is also related to the massive use of antimicrobials, both in human and in veterinarian medicine. In particular, it has been shown that the reduction of antibiotic use is associated with declining MRSA prevalence in pigs and LA-MRSA in humans. 14 Only a few recent studies have assessed LA-MRSA carriage in sheep and sheep farmers, and they focused on carriage in samples of workers selected from MRSA positive sheep farms; [15] [16] [17] therefore, knowledge on the prevalence of MRSA, and in particular of the LA-MRSA, among sheep farmers is still limited.
Hence, the main objective of the study was the assessment of the prevalence of MRSA colonization, with a particular focus on LA-MRSA, in farmers working in contact with livestock sheep from Calabria region farms. Furthermore, the antimicrobial resistance pattern of isolates was assessed and association of carriage with specific characteristic of farms and working tasks was evaluated.
Materials and methods
We conducted a cross-sectional study between March 2017 and February 2018 in a region of southern Italy (Calabria). Participants included in the study were workers in sheep farms (eg, sheep farmers and technical workers). Study participants were recruited through the help of the public veterinary service of the Local Health Units (LHUs). The LHUs provided lists of sheep farms subjected to periodic veterinary supervision; all farms involving sheep were considered eligible, and a sample of farms was randomly selected. Criterion for enrolment into the study was occupational exposure to sheep and the subjects were all well informed about the purpose and contents of the study. They were given an information sheet and asked to sign a consent form to document their voluntary participation. They were also informed that their participation was totally voluntary and that they could withdraw from the study at any time. This study was approved by the Institutional Ethical Committee ("Mater Domini" Hospital of Catanzaro, Italy) (2017/02/16).
Data collection and review instrument
Primarily, we gathered information about sheep farms, including number of sheep, origin of the sheep population, presence of other animals, and use of antibiotics in the farm. Then, we conducted an extensive face-to-face interview during working hours.
The questionnaire was developed by two researchers and based upon extensive review of the relevant literature and was pretested for clarity and consistency; refinements were made to improve flow and understandability. Confidentiality of responses was assured. The questionnaire included 55 questions divided into several sections. Each section elicited responses in a variety of formats: closed-ended questions with multiple answers possible, yes or no questions, and open option questions. The first section explored the sociodemographic characteristics of the workers. In the second section, the specific working activity was analyzed. In particular, the type of work, the number of years working in that setting, the mean weekly working hours, duties required under the specific task, and the use of personal protective equipment (PPE) were investigated. The third part of the questionnaire was designed to explore the contact with other animal species. The remaining sections were related to recent health history, access to health care facilities, previous MRSA infection, and eventual antibiotic treatment. The last section was related to educational prevention programs for infections in the farms. A copy of the questionnaire is available upon request from the corresponding author.
Biological sampling and microbiological identification
Swab samples were collected from both anterior nares and oropharynx of each participant, placed in a transport medium, transported to laboratory, and processed within 72 hrs of collection. The swabs were inoculated on Mannitol Salt Agar (MSA) plates and incubated at 37°C for 24-48 hrs. All typical S. aureus colonies were then subcultured into Nutrient Agar (NA) plates and incubated at 37°C for 24 hrs. Afterward, Gram stain, catalase, and coagulase tests (Pastorex tm Staphplus Bio-Rad, Marnes-la-Coquette, France) were performed. These agglutination tests use latex sensitized with fibrinogen and IgG, in order to detect the clumping factor and protein A. All suspect strains were identified to the species level using the API Staph identification system (bioMérieux, Marcy-l'Étoile, France). All S. aureus isolates were tested for their antibiotic susceptibility by Kirby-Bauer disk diffusion method (Oxoid Ltd, Basingstoke, United Kingdom); the antibiotics for which sensitivity was tested along with the disk content were: ciprofloxacin (5 µg), clindamycin (2 µg), erythromycin (15 µg), gentamicin (10 µg), linezolid (10 µg), mupirocin (200 µg), sulfamethoxazole/trimethoprim (25 µg), quinupristin/dalfopristin (QDA) (15 µg), rifampicin (5 µg), tetracycline (30 µg), cefoxitin (30 µg), and oxacillin (1 µg). Interpretation of results of the antibiotic susceptibility testing was performed according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines and clinical breakpoints (version 8.1), 18 except for the oxacillin breakpoint, performed according to Clinical and Laboratory Standards Institute (CLSI). 19 S. aureus strains were considered MRSA if resistant to cefoxitin and/or oxacillin, as indicated by the EUCAST expert rules on antimicrobial susceptibility testing. 20 
Multiple-locus variable number of tandem repeat analysis (MLVA)
MLVA was performed by the National Institute of Public Health and the Environment (RIVM, Bilthoven, the Netherlands) on the isolates found to be MRSA by antibiotic susceptibility testing, to have a confirmation of the presence of mecA or mecC genes. Ready-made PCR mixes (Eurogentec, Seraing, Belgium, art. no. CS-ALIQ-PROD-MLVA) were used. The MLVA also included the detection of the genes for mecA, mecC, and the lukF gene, indicative for Panton-Valentine leucocidin (PVL). Isolates belonging to MLVA complex 398 (MC398) were classified as LA-MRSA.
For comparative analysis, isolates from our study were compared with the MLVA profiles of LA-MRSA isolates from the Netherlands submitted in 2018 (n=1218).
Preparation of lysates
After inspection for purity of plates, two S. aureus colonies were suspended in 50 mL lysis mix in Tris-EDTA buffer (TE) (10 mM Tris. HCl, 1 mM EDTA, pH 8.0) supplemented with 100 mg/mL lysostaphin, incubated for 35 mins at 37°C and heated for 10 mins at 95°C.
After the inactivation step, 450 mL TE was added and the lysate was used either directly or stored at −20°C until use in PCR.
MLVA typing
Variable number of tandem repeats (VNTR) PCRs were performed in 25-mL volumes in Applied Biosystems 9700 PCR machines (Applied Biosystems, Foster City, USA).
VNTR loci were amplified as previously described. 21 After PCR, samples underwent heat denaturation and fragments were separated on an ABI 3730 DNA sequencer. The resulting files were analyzed in the BioNumerics (version 7.6.3).
Each MLVA type consisted of an eight-string numeric code and received a unique number. Closely related MLVA types (MT) were clustered and classified into MLVA complexes (MC), which also correspond to a particular Multilocus sequence typing (MLST) clonal complex (CC) as described by Schouls et al. 21 All typing data were imported into the Bionumerics software (Applied Maths), clustered using the appropriate settings and the relationships displayed using the graphing method called minimum spanning tree as described by Schouls et al. 21 
Data analysis
Data were stored and analyzed using an appropriate database.
Results were summarized using frequencies and percentages for categorical data and mean and standard deviations for continuous data.
Statistical analysis was performed using STATA software program, version 14.1 (Stata Corporation. College Station, Texas, USA).
Results

Characteristics of the farms
A total of 115 sheep farms located in Calabria region (Italy) were enrolled. The mean number of sheep per farm was 243.3 (SD±242.2). The vast majority of farms (98.3%) included only Italian sheep, whereas in the remaining two farms, foreign sheep from France were also present; 25.2% of the farms were exclusively dairy farms, whereas chickens and pigs were also present in 53.9% and 50.6% of the farms, respectively. Sheep of the selected farms were grazed during the day and were kept in barns for the night.
In 20 (17.4%) farms, the owners declared they had used antibiotics in their sheep herd for mastitis prophylactic and therapeutic purposes in the previous year, and the most used antibiotics were tetracyclines (68.8%). Other used antibiotics were penicillins (43.8%), streptomycin (6.3%), cephalosporins (6.3%), and colistin (6.3%); in the remaining cases, the used antibiotics were not specified. The most frequent microorganisms isolated from sheep mastitis in our area in the period 2016-2018 were S. aureus (41.8%), Enterobacteria (E.coli, Enterobacter spp., etc.) (20%), Streptococcus (agalactiae, ovis, etc.) (14.5%), Enterococcus spp. (9%), and Coagulase-negative Staphylococci (9%) (Regional Veterinary Public Health Laboratory, data not published). Moreover, in 4.4% of the sheep farms, education prevention programs had been carried out.
MRSA colonized workers were found in three farms; in two of these farms, antibiotics were used.
Characteristics of workers
Overall, 275 workers were invited to participate in the study. Of these, one refused to complete the questionnaire but accepted to undergo nasal and oropharyngeal swab, whereas two workers completed the questionnaire but refused to undergo swabs. Therefore, 99.6% of the workers completed the questionnaire and 99.3% accepted to undergo nasal and/or oropharyngeal swabs.
Characteristics of the included workers are depicted in Table 1 . The mean age of workers was 46±15.3 years (range 18-80 years); 70.6% of them were sheep farmers and 29.4% were technical workers, ie, employees who mainly take care of sheepfold cleaning. The mean time of employment in the sheep sector was 23.8 years (SD ±14.6) and the mean working hours per week were 53.4 (SD±26.5).
During working activities with livestock, 20.8% of the workers declared they did not use rubber boots, 60.6% rubber gloves, and 72.6% disposable gloves. Furthermore, 23.6% of the workers stated they did not wash their hands after PPEs usage.
S. aureus was isolated in 95 workers (34.8%), whereas MRSA in 3 (1.1%) workers. Two of the three MRSA colonized workers reported skin problems in the previous 6 months, and one of these had had a hospitalization in the previous year; none of them reported having used antibiotics in the previous year. S. aureus colonization was significantly more likely (χ 2 =5.95 p=0.015) among those who did not use rubber gloves (40.6%) compared to those who did (26.2%) and in those who did not wash their hands after PPE use (55.6%) compared to those who did (28.6%) (χ 2 =15.37 p<0.001). Table 2 shows the prevalence of antimicrobial resistance among the recovered isolates. The antimicrobial resistance profiles were similar among the isolated MRSA strains. All of them were resistant to both cefoxitin and oxacillin and were classified as MDR S. aureus (MDRSA), because of their resistance to ≥3 classes of antibiotics. Two of the isolates were resistant to QDA, mupirocin, erythromycin, and tetracycline (Figure 1) .
Antimicrobial susceptibility testing
Concerning methicillin-susceptible S. aureus (MSSA), 30.4% was classified as MDRSA. Among them, 31 (33.7%) were resistant to tetracycline and erythromycin, 25 (27.2%) to QDA, and 21 (22.8%) to linezolid and clindamycin. Twenty-six (27.4%) S. aureus isolates were susceptible to all antimicrobials tested.
Through the investigation of cross antimicrobial resistance among the recovered isolates (Table 3) , we found that most of the S. aureus isolates showing resistance to linezolid were also resistant to clindamycin (57.1%) and erythromycin (57.1%), whereas 48.2% S. aureus showing resistance to QDA were also resistant to tetracycline and erythromycin.
Molecular analyses
Results of MLVA are shown in Figure 2 .
In total, 11 isolates underwent MLVA, including isolates showing borderline profiles of identification and of resistance at the phenotypical analyses. Of them, three isolates were confirmed to be MRSA, as they harbored mecA gene. Furthermore, the three isolates harbored different MTs and belonged to different MCs. None of the MRSA isolates was defined as LA-MRSA. One isolate had MT0461 and MC0022, a CC corresponding to the MLST CC22, that is associated to hospital-associated MRSA (HA-MRSA) strains. However, it was not isolated from the worker who had been hospitalized in the previous year. The two remaining MRSA isolates had MT0149 with MC0001 (corresponding to CC1), associated both with community-acquired MRSA (CA-MRSA) and with cases of mastitis in bovine and small ruminants, 17, 22 and MT0388 with MC0030 (corresponding to CC30), associated with CA-MRSA. All strains were PVL-negative.
Among isolates classified as MSSA, two pairs, originating from the same farms, had the same MLVA-type. In Notes: a Total may not always sum to "N" because of missing data. 
Discussion
This study is one of the few evaluations of the prevalence of MRSA colonization among sheep farmers. So far, LA-MRSA carriage in this context has been assessed only in small samples of workers selected from MRSA positive sheep farms, [15] [16] [17] whereas this study was designed to assess the circulation of MRSA, as well as LA-MRSA, among sheep farmers. Among isolated MRSA isolated, we found one strain carrying mecA gene and belonging to MLVA MC001, corresponding to MLST CC1. In Italy, the CC1 lineage has been increasingly detected in dairy cattle mastitis 23, 24 and colonized small ruminants. 25 Although the isolate belongs to a possible LA lineage, it lacks fluoroquinolone resistance, which is a typical feature of porcine MDRSA CC1 isolates from Italy. 26 A pathway of human-to-cattle exchange may be direct contact between farmworkers and animals or indirect exposure through farm environment could be however possible and the epidemiology of such resistant strain requires to be monitored at the farm level.
Previous studies have assessed the prevalence of LA-MRSA among different livestock farmers and in most European countries. CC 398 remains the most commonly identified type of LA-MRSA, 2 but among sheep farms, different sequence types (STs) and CCs of LA-MRSA by human or animal isolates have been found, in particular, ST (CC)1, 17 ST(CC)130, 15 and ST(CC)153. 27 Furthermore, LA strains are mainly associated with swine, calves, and poultry exposure. [28] [29] [30] In particular, these kinds of livestock animals are more subjected to the use of antimicrobials, 31 which may result in a low prevalence of MRSA among sheep. 17, 27 According to this evidence, in our study, antibiotics were reported to be used only in 17.4% of the examined sheep farms.
Moreover, MRSA strains were detected in 1.1% of the farmers; this figure is higher than that found in the general population studied by Zanelli et al in Italy (0.12%), 32 but in line with the European prevalence, ranging between 0% in Sweden and 2.1% in Belgium. 33 Our results also reflect the low prevalence of MRSA and LA-MRSA found in small ruminant bulk tank milk (BTM) in several Italian, 16, 25 Spanish, 34 and Greek studies, 35 which reported an MRSA prevalence ranging from 0% to 2%, as well as the detection of MRSA isolates from dairy products. 36, 37 Apart from the use in the farms, antimicrobials are often administered to animals to prevent or to treat infections due to stressful situations that can weaken their immune systems and make them more susceptible to different pathogens. Among these situations, the long-distance transport is included, especially for those livestock animals originating from abroad. Almost all farms included in our study contained only Italian sheep which have not been subjected to such kind of conditions associated with a greater use of antimicrobials.
Concerning MLVA results, a previous study conducted by Yan et al 38 analyzing S. aureus isolates randomly selected from the European survey database already found a low prevalence of MC0030 (0.9%), corresponding to MLST CC30, but, differently from our results, no MC0001 (0%), corresponding to CC1, among MRSA were found. On the contrary, MC0022, corresponding to CC22, resulted in a common MRSA clone (17.2%), and it seems to be a typical HA-MRSA clone. All MRSA isolates were PVL negative, while in the literature it is well known that the presence of PVL is widespread among CA-MRSA, but not among HA-MRSA. 39 However, the line between "community" and "hospital" strains is now becoming blurred, since strains responsible for CA-MRSA infections have already entered the healthcare setting. 40 Of note, a substantial number of workers declared they did not use PPEs during their working activities in contact with livestock. In particular, only a small percentage used rubber gloves or disposable gloves during their job. Concerning the use of PPE during working activities in animal farms, a previous study showed contradictory data, 41 although it is possible that hygiene practices help to reduce the prevalence of MRSA among farmers. 42 Indeed, our findings that showed a lower S. aureus colonization among PPE users seem to confirm a protective role of PPE in sheep farmers.
Resistance found for some tested antibiotics is relevant, since it attained to molecules that play a potential role as therapeutic alternatives to treat MRSA and MSSA infections. In our study, the highest resistance among S. aureus was found to tetracycline (34.7%). This figure is quite different from the prevalence of resistance found in the European general population, where resistance to tetracycline ranges from 1.8% in Spain to 7.2% in Croatia 43 and in Italy (2.8%), 32 whereas it is lower than the prevalence found among pig farmers (52%) 44 and sheep milk samples (58.1%). 45 The resistance to linezolid and QDA is of concern since, although not first-line options, they are considered useful in the treatment of MRSA infections. 46 Consistent with a previous study, 47 we found 100% of susceptibility to linezolid among MRSA strains, but 22.8% among MSSA isolates, that was not detected in a recent study conducted in Europe. 43 Regarding QDA, in our study 28.4% of S. aureus showed resistance, in particular, we found that two out of three MRSA showed resistance, contrary to a previous study. 47 Resistance to clindamycin among S. aureus isolates (22.1%) is higher than that reported in healthy subjects in Italy (7.6%) 32 and in Europe (14.6%). 43 Clindamycin is an alternative drug for the treatment of skin and soft-tissue infections (SSTIs) caused by both MSSA and MRSA, particularly in Europe. 48 SSTIs are intended as clinical entities of variable presentation, etiology, and severity that involve microbial invasion of the layers of the skin and underlying soft tissues which could range from mild infections, such as pyoderma, to serious life-threatening infections, such as necrotizing fasciitis. 49 In addition, this antibiotic is an alternative drug to be used in penicillinallergic patients. 46 Although resistance to methicillin was detected in a small proportion of S. aureus isolates, the resistance patterns that we found are relevant. In fact, the choice of an antibiotic therapy also in MSSA infections should be appropriate, since there is no compelling evidence that MRSA is more virulent than MSSA. 50 It is also of concern the presence of two MRSA resistant to mupirocin, given that the administration of nasal mupirocin is the common standard of care for peri-interventional prophylaxis of MRSA carriers. 51 As far as we know, previous studies have assessed the prevalence of MRSA or LA-MRSA among sheep farmers only in the farms where MRSA was previously detected. Instead, our study was conducted independently of the status of sheep farms, representing a strength of the study, since it allows a more realistic picture of the prevalence of LA-MRSA among sheep farmers. Other host species were similarly investigated. 28, 30, 52 There are several limitations in the present study. Samples were not collected from animals on the farms, so the presence of LA-MRSA strains and transmission of antibiotic resistance and strains between animals and farmers could not be directly addressed. Moreover, we could not consider the prevalence of clinical or subclinical mastitis, because there is no standardized monitoring system in our area. Although previous studies have investigated hand skin samples, 17 other possible sites of colonization than the nares and the oropharynx were not cultured, so we may have underestimated MRSA detection. Different from a previous study, 25 the persistence of MRSA carriage was not determined in our survey, since the study was conducted at one time point; therefore, it is unclear whether colonization with MRSA is transient or permanent. Finally, MLVA was not performed on all MSSA isolated but only on phenotypic MRSA isolates, to either confirm or exclude the presence of mecA or mecC genes.
Conclusion
In conclusion, the picture of LA-MRSA transmission among sheep farmers does not seem to be critical in our area, although there is the need to further investigate sheep and related sheep farmers colonization.
Moreover, although a low prevalence of MRSA, and in particular of LA-MRSA was detected, poor use of biosafety measures was found. The implementation of PPE use and good hygiene practices could be useful to prevent S. aureus and other microorganisms spread at the farm level MLVA of all 2018 MRSA isolates of the Netherlands (n=1218) and isolates from Italy and to minimize exposure in the community. Further studies are needed to better understand MRSA and other S. aureus resistance traits in ruminant herds, including the risk factors involved in animal colonization and infection and in within-herd transmission. Indeed, the demonstration that mecC-MRSA is present in livestock in Europe 16, 17, 53 highlights the need for monitoring the presence and evolution of mecC-MRSA in animal and environmental reservoirs.
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